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Charm System Tests of CPT and Lorentz Invariance with FOCUS
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We have performed a search for CPT violation in neutral charm meson oscillations. While avor
mixing in the charm sector is predicted to be small by the Standard Model, it is still possible to
investigate CPT violation through a study of the proper time dependence of a CPT asymmetry
in right-sign decay rates for D0

! K��+ and D0
! K+��. This asymmetry is related to the

CPT violating complex parameter � and the mixing parameters x and y: ACPT / Re � y � Im � x.
Our 95% con�dence level limit is �0:0068 < Re � y � Im � x < 0:0234. Within the framework
of the Standard Model extension incorporating CPT violation, we also �nd 95% con�dence level
limits for the coeÆcients of Lorentz violation of (�3:7 < �a0 + 0:6�aZ < 6:5) � 10�13 GeV,
(�9:4 < �aX < 5:0) � 10�13 GeV, and (�9:3 < �aY < 5:1) � 10�13 GeV, assuming the mixing
parameters x and y are 1% and the DCS to CF relative strong phase is 15Æ.

PACS numbers: 11.30.Er, 11.30.Cp, 13.25.Ft, 14.65.Dw

The combined symmetry of charge conjugation (C),
parity (P), and time reversal (T) is believed to be re-
spected by all local, point-like, Lorentz covariant �eld
theories, such as the Standard Model. However, exten-
sions to the Standard Model based on string theories do
not necessarily require CPT invariance, and observable
e�ects at low-energies may be within reach of experi-
ments studying avor oscillations [1]. A parametriza-
tion [2] in which CPT and T violating parameters appear

has been developed which allows experimental investiga-
tion in many physical systems including atomic systems,
Penning traps, and neutral meson systems [3]. Using
this parameterization we present the �rst experimental
results for CPT violation in the charm meson system.

Searches for CPT violation have been made in the
neutral kaon system. Using an earlier CPT formal-
ism [4], KTeV reported a bound on the CPT �gure of
merit rK � jmK0 �m

K0 j=mK0 < (4:5 � 3) � 10�19 [5].
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A more recent analysis, using framework [2] and more
data extracted limits on the coeÆcients for Lorentz vi-
olation of �aX ;�aY < 9:2 � 10�22 GeV [6]. CPT
tests in B0 meson decay have been made by OPAL at
LEP [7], and by Belle at KEK which has recently re-
ported rB � jmB0 �m

B0 j=mB0 < 1:6� 10�14 [8].

To date, no experimental search for CPT violation has
been made in the charm quark sector. This is due in part
to the expected suppression of D0�D0 oscillations in the
Standard Model, and the lack of a strong mixing signal in
the experimental data. Recent mixing searches include a
study of lifetime di�erences between charge-parity (CP)
eigenstates [9{11], a study of the time evolution of D0

decays by CLEO [12] and a study of the doubly Cabibbo
suppressed ratio (RDCS) for the decay D

0 ! K+�� [13].
Even without knowledge of the mixing parameters, one
can investigate CPT violation through a study of the
time dependence of D0 decays.

Time dependent decay probabilities into right-sign and
wrong-sign decay modes (wrong sign is used here in the
context of decays via mixing) for neutral mesons which
express the CPT violation have been developed in a gen-
eral parametrization [2]. For the decay of a D0 to a right-
sign �nal state f , the time dependent decay probability
is:

Pf (t) � jhf jT jD0(t)ij2 =
1

2
jF j2exp(�
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t)

� [(1 + j�j2)cosh�t=2 + (1� j�j2)cos�mt

�2Re � sinh�t=2� 2Im � sin�mt]: (1)

The time dependent probability for the decay of a D0

to a �nal state f , P
f
(t), may be obtained by making

the substitutions � ! �� and F ! F in the above
equation. F = F is strictly true if CP (CPT) is not
directly violated, which experimental evidence suggests
is very nearly true in charm decays. F represents the
basic transition amplitude for the decay D0 ! f , �
and �m are the di�erences in physical decay widths and
masses for the propagating eigenstates and can be related
to the usual mixing parameters x = �2�m= = �M=�,
y = �= = ��=2�, and  is the sum of the physical de-
cay widths. The complex parameter � controls the CPT
violation and is seen to modify the shape of the time de-
pendent decay probabilities. Expressions for wrong-sign
decay probabilities involve both CPT and T violation pa-
rameters which only scale the probabilities, leaving the
shape unchanged. Using only right-sign decay modes,
the following asymmetry can be formed,

ACPT(t) =
P
f
(t)� Pf (t)

P
f
(t) + Pf (t)

; (2)

which is sensitive to the CPT violating parameter �:

ACPT(t) =
2Re � sinh�t=2 + 2Im � sin�mt

(1 + j�j2)cosh�t=2 + (1� j�j2)cos�mt
: (3)

Experiments show that x; y mixing values are small (<
5%). Equation 3, for small x; y and t, reduces to:

ACPT(t) = (Re � y � Im � x) � t: (4)

In this paper we search for a CPT violating signal us-
ing data collected by the FOCUS Collaboration during
an approximately twelve month time period in 1996 and
1997 at Fermilab. FOCUS is an upgraded version of the
E687 spectrometer. Charm particles are produced by the
interaction of high energy photons (average energy � 180
GeV for triggered charm states) with a segmented BeO
target. In the target region, charged particles are tracked
by up to sixteen layers of microstrip detectors. These de-
tectors provide excellent vertex resolution. Charged par-
ticles are further tracked by a system of �ve multi-wire
proportional chambers and are momentum analyzed by
two oppositely polarized large aperture dipole magnets.
Particle identi�cation is accomplished by three multi-cell
threshold �Cerenkov detectors [14], two electromagnetic
calorimeters, an hadronic calorimeter and muon coun-
ters.
We analyze the two right-sign hadronic decays D0 !

K��+ and D0 ! K+��. We use the soft pion from the
decay D�+ ! D0�+ to tag the avor of the D at pro-
duction, and the kaon charge in the decay D0 ! K��+

to tag the D avor at decay. D0 ! K��+ events are
selected by requiring a minimum detachment ` of the
secondary (decay) vertex from the primary (production)
vertex of 5 �`, where �` is the calculated uncertainty
of the detachment measurement. The primary vertex is
found using a candidate driven vertex �nder which nu-
cleates tracks about a \seed" track constructed using the
secondary vertex and the D momentum vector. Both
primary and secondary vertices are required to have �t
con�dence levels greater than 1%. The D�-tag is im-
plemented by requiring the D� �D0 mass di�erence be
within 3 MeV/c2 of the nominal value [15]. A �2-like
variable called Wi � {2 log(likelihood), where i ranges
over electron, pion, kaon and proton hypotheses is used
for particle identi�cation [14]. For the K and the � can-
didates we require Wi to be no more than four units
greater than the smallest of the other three hypotheses
(Wi �Wmin < 4) which eliminates candidates that are
likely to be mis-identi�ed. In addition, D0 daughters
must satisfy the slightly stronger K� separation crite-
ria W� �WK > 0:5 for the K and WK �W� > �2 for
the �. Doubly misidenti�ed D0 ! K��+ is removed
by imposing a hard �Cerenkov cut on the sum of the two
separations ((W� � WK)K + (WK � W�)� > 8). K�
pairs with highly asymmetrical momenta are more likely
to be background than signal. A cut is made on the
momentum asymmetry, PA = j(PK � P�)=(PK + P�)j,
to reject these candidates. The best background rejec-
tion is achieved by applying the cut in the following way,
P (D0) > �160 + 280 � PA, where P (D

0); PK and P�
are the momenta of the D and the daughter kaon and
pion respectively. To avoid large acceptance corrections
due to the presence of a trigger counter downstream of
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FIG. 1: Invariant mass of (D0
! K��+ (a); D0

!

K+�� (b)) for data (points) �tted with a Gaussian signal
and quadratic background (solid line). The vertical dashed
lines indicate the signal region, the vertical dotted lines indi-
cate the sideband region.

the silicon detector, we impose a �ducial cut on the loca-
tion of the primary vertex. Figure 1 shows the invariant
mass distribution for D�-tagged, right-sign decays D0 !
K��+ and D0 ! K+��. Gaussian signal plus quadratic
background �ts yield 17 227�144 and 18 463�151 signal
events, respectively. The proper time decay distribution
is distorted by the imposition of a detachment cut be-
tween the primary and secondary vertices. The reduced
proper time, de�ned as t0 = (` �N�`)=(�c) where ` is
the distance between the primary and secondary vertex,
�` is the resolution on `, and N is the minimum detach-
ment cut applied, removes this distortion. A simulation
study was done measuring the di�erences in measured
values of ACPT and � using t0 in place of t in Eq. 5 and
Eq. 4. The di�erences were found to be negligible com-
pared to other systematic uncertainties.
We plot the di�erence in right-sign events between D0

and D0 in bins of reduced proper time t0. For each data
point, the background subtracted yields of right-sign D0

and D0 are used in forming the ratio:

ACPT(t
0) =

Y (t0)� Y (t0) f(t
0)

f(t0)

Y (t0) + Y (t0) f(t
0)

f(t0)

; (5)

where Y (t0) and Y (t0) are the yields for D0 and D0 and
f(t0), f(t0) are their respective correction functions. The
functions f(t0) and f(t0) account for geometrical accep-
tance, detector and reconstruction eÆciencies, and ab-
sorption of parent and daughter particles. The correc-
tion functions are determined using a detailed Monte
Carlo (MC) simulation of the experiment where the pro-
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FIG. 2: (a) ACPT as a function of reduced proper time. The
data points represent the ACPT as given in Eq. 5 and the solid
line represent the �t given in functional form by Eq. 4; (b)
Re � as a function of Greenwich Mean Sidereal Time (GMST).

duction (using PYTHIA [16]) was tuned so that the pro-
duction distributions for data and MC matched. The
shapes of the f(t0) and f(t0) functions are obtained by
dividing the reconstructed MC t0 distribution by a pure
exponential with the MC generated lifetime. The ratio
of the correction functions enters explicitly in Eq. 5 and
its e�ects on the asymmetry are less than 1.3%. The
FOCUS data contains more D0 than D0 decays due to
production asymmetry [17]. The e�ect on the ACPT dis-
tribution is to add a constant o�set, which is accounted
for in the �t. The ACPT data in Fig. 2(a) are �t to a line
using the form of Eq. 4 plus a constant o�set. The result
of the �t is Re � y � Im � x = 0:0083� 0:0065.
In the CPT and Lorentz violating extension to the

Standard Model proposed by Kosteleck�y at al. [18], the
CPT violating parameter � can depend on lab momen-
tum, spatial orientation, and sidereal time [2, 19]. Coef-
�cients of Lorentz violation depend on the avor of the
valence quark states. For this reason CPT violation in
the K, D, and B systems need not be the same. In the
case of FOCUS, a forward, �xed-target spectrometer, the
� parameter assumes the following form [2]:

�(t̂; p) =
(p)

��
[�a0 + ��aZcos�

+�sin�(�aY sin
t̂+�aXcos
t̂)]; (6)

where 
 and t̂ are the sidereal frequency and time re-
spectively, X;Y; Z are non-rotating coordinates with Z
aligned along the Earth's rotation axis, �� = (x� iy)=�

(� is the mean D0 lifetime), and (p) =
q
1 + P 2

D0=m2
D0 .

Since Eq. 6 requires Re � y� Im � x = 0, setting limits on
the coeÆcients of Lorentz violation requires expanding
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the asymmetry in Eq. 3 to higher (non-vanishing) terms.
In addition, the interference term of right-sign decays
with the doubly Cabibbo suppressed (DCS) decays must
also be included since it gives a comparable contribution.
The asymmetry can be written as:

ACPT =
Re �(x2 + y2)(t=�)2

2xhxy
3
(t=�) +

p
RDCS (x cos Æ + y sin Æ)

i
;(7)

where RDCS is the branching ratio of DCS relative to
right-sign decays and Æ is the strong phase between the
DCS and right-sign amplitudes. We searched for a side-
real time dependence [22] by dividing our data sample
into four-hour bins in Greenwich Mean Sidereal Time
(GMST) [20] and repeating our �ts using the asymme-
try given by Eq. 7. The resulting distribution, shown
in Fig. 2(b), was �t using Eq. 6 and the results for the
coeÆcients of Lorentz violation were �a0 + 0:6�aZ =
(1:4�1:5)�10�13 GeV, �aX = (�2:2�2:7)�10�13 GeV,
and �aY = (�2:1�2:6)�10�13 GeV. The angle between
the FOCUS spectrometer axis and the Earth's rotation
axis is approximately � = 53Æ(cos� = 0:6). We aver-
age over all D0 momentum so h(p)i � (hpi) = 39 and
� = 1. We assume x = 1%, y = 1%, and Æ = 15Æ [23].
Previous analyses have shown that MC absorption cor-

rections are very small [9]. The interactions of pions and
kaons with matter have been measured but no equiva-
lent data exists for charm particles. Several variations
from our standard absorption simulation were consid-
ered. The standard deviation of these variations returns
systematic uncertainties of �0:0017, �0:4� 10�13 GeV,
�0:0 � 10�13 GeV, and �0:1 � 10�13 GeV to our mea-
surements of Re � y � Im � x, �a0 + 0:6�aZ , �aX , and
�aY respectively.
We also investigated parent (D0,D0) and daughter

(K;�) absorption separately. The study showed that
the at corrections in MC are small not only because
absorption e�ects are small but also because of a can-
cellation due to two competing e�ects. The D0 has a
slightly higher absorption rate than the D0, and the net
absorption rate of a (K�; �+) from a D0 is slightly lower
than the net absorption rate of a (K+; ��) from the D0.
In a manner similar to the S-factor method used by

the Particle Data group PDG [15] we made eight statis-
tically independent samples of our data in order to look
for systematic e�ects. We split the data in four momen-
tum ranges and two years. The split in year was done
to look for e�ects associated with target geometry and
reconstruction due to the addition of four silicon planes
near the targets in January, 1997 [21]. We found no con-
tribution to our measurements of Re � y � Im � x and
�a0+0:6�aZ . The contributions for �aX and �aY were
�1:7�10�13 GeV and �2:2�10�13 GeV respectively. We
also varied the bin widths and the position of the side-
bands to check the stability of the �ts. The standard de-
viation of these variations returns systematic uncertain-
ties of�0:0012,�0:4�10�13GeV, �1:2�10�13 GeV, and

�0:7�10�13 GeV to our measurements of Re � y�Im � x,
�a0 + 0:6�aZ , �aX , and �aY respectively. Finally,
we varied our `=�` and W� � WK requirements and
the standard deviation of these variations returns sys-
tematic uncertainties of �0:0036, �2:0 � 10�13 GeV,
�1:4 � 10�13 GeV, and �1:4 � 10�13 GeV to our mea-
surements of Re � y � Im � x, �a0 + 0:6�aZ , �aX , and
�aY respectively. Contributions to the systematic un-
certainty are summarized in Table I and Table II. Tak-
ing contributions to be uncorrelated we obtain a total
systematic uncertainty of �0:0041 for Re � y � Im � x,
�2:1� 10�13 GeV for �a0+0:6�aZ , �2:5� 10�13 GeV
for �aX , and �2:7� 10�13 GeV for �aY .

TABLE I: Contributions to the systematic uncertainty.

Contribution Re � y � Im � x �aX (GeV)
Absorption �0:0017 �0:0� 10�13

Split sample �0:0000 �1:7� 10�13

Fit variant �0:0012 �1:2� 10�13

Cut variant �0:0036 �1:4� 10�13

Total �0:0041 �2:5� 10�13

TABLE II: Contributions to the systematic uncertainty.

Contribution (�a0 + 0:6�aZ) (GeV) �aY (GeV)
Absorption �0:4� 10�13 �0:1� 10�13

Split sample �0:0� 10�13 �2:2� 10�13

Fit variant �0:4� 10�13 �0:7� 10�13

Cut variant �2:0� 10�13 �1:4� 10�13

Total �2:1� 10�13 �2:7� 10�13

We have performed the �rst search for CPT violation
in neutral charm meson oscillations. We have measured
the complex CPT violating term � as a function of the
mixing parameters x and y. We �nd Re � y � Im � x =
0:0083� 0:0065� 0:0041 which lead to a 95% con�dence
level limit of �0:0068 < Re � y � Im � x < 0:0234. As
a speci�c example, assuming x = 0 or Im � = 0 and
y = 1%, one �nds Re � = 0:83� 0:65� 0:41 with a 95%
con�dence level limit of �0:68 < Re � < 2:34. Within the
Standard Model extension we set three new independent
limits on the coeÆcients of Lorentz violation of (�3:7 <
�a0 + 0:6�aZ < 6:5) � 10�13 GeV, (�9:4 < �aX <
5:0)�10�13 GeV, and (�9:3 < �aY < 5:1)�10�13 GeV,
assuming the mixing parameters x and y are 1% and the
strong phase between doubly Cabibbo suppressed and
Cabibbo favored decays is 15Æ.
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